Abstract-We developed a highly birefringent microstructured optical fiber that, in combination with a fiber Bragg grating sensor, allows measuring transverse strains in reinforced composites. The first generation of this dedicated fiber sensor featured a hydrostatic pressure sensitivity of -15 pm/MPa and yielded a transverse strain sensitivity of -0.16 pm/με when embedded in a carbon fiber reinforced polymer. The second generation of this sensor has now been fabricated and hydrostatic pressure experiments and FEM simulations show that this generation returns a sensitivity of more than twice that of the first generation. FEM simulations additionally show an increased sensitivity when this sensor is embedded in a reinforced composite, achieving an unprecedented transverse strain sensitivity of 0.29 pm/με. We explain how the optimized micro-structure yields this record-high sensitivity. In addition we demonstrate the selectivity of the bare fiber sensor, which remains insensitive to temperature changes or axial strain. This sensor can therefore play an important role in the domain of structural health monitoring.
I. INTRODUCTION
Structural health monitoring (SHM) of engineering structures has become increasingly popular over the last two decades and many research efforts focused on developing sensor systems that can assess the structural integrity in a reliable and continuous manner [1] . SHM is particularly interesting for fiber-reinforced laminated composites. These lightweight materials have unique mechanical properties, but these can rapidly degrade when internal damage occurs. Due to their anisotropic nature, laminated composites are very strong in-plane, but fragile in the out-of-plane direction. They can be damaged by excessive transverse loads. More generally, severe loading, fatigue and ageing will initiate different damage modes in composite materials such as fiber breakage, matrix cracking, fiber/matrix debonding and delamination [2] . In-situ monitoring of the transverse strains present inside a composite is therefore of critical importance.
Strain sensors commonly used for SHM, such as electrical strain gauges, either lack the ability to detect transverse strains or cannot be integrated within the composite material itself. Optical fiber sensors however do offer this possibility. More particularly, fiber Bragg grating (FBG)-based strain sensors are very small, immune to electromagnetic interference and they can be easily multiplexed. These features make them highly suitable for embedding inside fiber reinforced polymers (FRP) [3] , [4] , [5] . This potential has already been demonstrated, but the sensitivity of standard FBGs to transverse strains remains considerably lower than their axial strain sensitivity, whereas transverse strain measurements are crucial for SHM purposes. Polarization maintaining bow tie fibers have been proposed as an alternative to standard step-index fibers and as a solution for transverse strain measurements [6] . These fibers are highly birefringent, which implies that one FBG will reflect two Bragg wavelengths. The wavelength separation between those peak wavelengths stems from the fiber modal birefringence. Transverse loading of the fiber causes a change in the birefringence, which translates into a change in the Bragg peak wavelength separation. However the transverse loading sensitivity of the wavelength separation remains very limited for bow tie fibers. Moreover since the birefringence in bow tie fibers is due to the presence of two materials with a different thermal expansion coefficient, the Bragg peak separation in these fibers inherently possesses a significant temperature dependence. Rather than opting for step-index single-mode or bow tie fibers we propose to work with micro-structured optical fibers. The cross-section of a micro-structured optical fiber (MOF) consists of an arrangement of air holes in a solid (silica) background [7] , [8] . By adapting the geometry of the microstructure fibers with very specific properties can be designed and fabricated [9] , [10] , [11] , [12] , [16] . We have exploited this design flexibility to develop a dedicated fiber that can monitor transverse strains when embedded inside a material. The micro-structure was optimized for the modal birefringence to have a maximum sensitivity to transverse strains, while being insensitive to temperature changes [14] , [15] . The rest of this paper is structured as follows. In section II we discuss the sensing mechanism of the dedicated MOF. We then provide an overview of the sensitivity of the first generation of this sensor to diverse perturbations based on both numerical and experimental results in section III. We also introduce the second generation of this sensor which features an optimized micro-structure. We also discuss the enhanced characteristics of this new sensor. Section IV deals with the operation of the sensor when embedded inside a carbon fiber reinforced polymer (CFRP) and investigates the tolerance of the transverse strain sensitivity to angular orientation of the fiber inside the composite. Finally we draw conclusions as to the potential of our sensors for SHM applications.
II. SENSOR CONCEPT
We designed a micro-structured optical fiber with an enhanced polarimetric sensitivity to hydrostatic pressure. The details of the micro-structure and its sensing mechanism are explained in more detail in [14] . The asymmetric microstructure, with an air hole geometry that resembles a butterfly, is highly birefringent. Fig. 1 shows a scanning electron micrograph of a first generation of this particular MOF. A Germanium doped region is located in the centre of the fiber.
The modal birefringence in this fiber is 2 × 10 −3 at λ = 1550 nm. When an FBG is inscribed in this highly birefringent fiber, two Bragg wavelengths will be reflected by the FBG and the wavelength separation Δλ is related to the modal birefringence B by Δλ = 2× B × Λ with Λ the grating period in the fiber core. Subjecting this sensor to hydrostatic pressure or transverse loads, will cause the material birefringence -and consequently the Bragg wavelength separation -to change. We consider Δλ as the sensor signal from which either hydrostatic pressure or a directional transverse load can be derived. 
III. SENSOR CHARACTERIZATION

A. Sensitivity of the bare fiber sensor
FBGs were inscribed in this MOF using conventional ultraviolet inscription techniques [16] . We first determined the temperature sensitivity of the fiber sensor using an oven and in a range from room temperature to 100
• C. The individual Bragg peak wavelengths were detected using an ASE-source and an optical spectrum analyzer 'ANDOAQ6317' with a minimum slit width resolution of 10 pm. Although the individual Bragg wavelengths showed a temperature sensitivity of 9 pm/
• C, the Bragg wavelength separation had a temperature sensitivity of only -0.1 pm/
• C. This low thermal response stems from the limited presence of materials with different thermal expansion coefficients and from the origin of the modal birefringence which is mainly due to waveguide birefringence. Secondly the axial strain sensitivity of the sensor was measured by fixing both ends of the fiber in two translation stages and monitoring the change in Bragg wavelengths when axial deformation was increased. The axial strain sensitivity of an FBG-sensor is mainly dependent on the fiber material. For this silica fiber, we obtain an axial strain sensitivity of 1.2 pm/με for the individual Bragg wavelengths, while the wavelength separation showed no sensitivity to axial strain in our measurements.
Thirdly the pressure sensitivity of this sensor was determined with both numerical simulations and experiments. The hydrostatic pressure sensitivity of the wavelength separation Δλ is a good indication for the transverse strain sensitivity of the sensor once it is embedded. The model of the MOF for the 2D FEM simulations was extracted from its SEM image. We combined both mechanical and optical simulations to determine the change in material birefringence in the core region when a hydrostatic pressure was applied to the cladding of the fiber. This change in material birefringence was translated to a change in modal birefringence, which allowed deriving the sensor sensitivity. The results are shown in Fig.   2 . The hydrostatic pressure experiments were performed by inserting the sensor in an oil pressure vessel at controlled temperature. The results are also shown in Fig. 2 . Experiments are in good agreement with the simulations. A hydrostatic pressure sensitivity of -15 pm/MPa was obtained for the Bragg peak separation, which is an order of magnitude increase over the state-of-art of highly birefringent FBG-based pressure sensors [10] , [17] .
B. Sensor improvement
In an attempt to improve the performance of our sensor, a second generation of this MOF design was manufactured (a SEM image of its cross section is shown in Fig. 3 ). Due to the use of other temperature and pressure conditions during the fiber drawing process, the core region and air holes in the centre of the fiber differ from the first version. The modal birefringence of this fiber is 7 × 10 −4 at λ = 1550 nm. The hydrostatic pressure sensitivity of this MOF was also determined using FEM simulations and experiments. The results are also summarized in Fig. 2 . A sensitivity of 27 pm/MPa was obtained with simulations, while the results of the experiments led to a sensitivity of 33 pm/MPa. This value is twice as high as the first generation of this MOF. This increase is due to the different geometries of the core region and air holes in the central region of the fiber, as can be seen when comparing their SEM images. A hydrostatic pressure sensitivity of 33 pm/MPa has never been demonstrated before for highly birefringent FBG-based sensors and is a promising result for transverse strain sensing when embedded in composite materials [10] , [17] . We investigate this in more detail in the next section.
IV. SENSOR OPERATION IN CFRP
The increased pressure sensitivity of our fiber sensor could also lead to an increased transverse strain sensitivity inside CFRPs. The first generation MOF has already been embedded in the centre of a cross-ply layup of 16 carbon fiber epoxy prepeg layers using the autoclave technique [15] . To characterize the out of plane response, the sample was transversely loaded by compressing it between two metal blocks. With this MOF a transverse strain sensitivity of -0.16 pm/με was achieved, which is an order of magnitude improvement over sensitivities obtained with other highly birefringent FBG sensors [6] , [13] . We performed 2D FEM simulations for both MOF designs when embedded in a unidirectional CFRP laminate. Although unidirectional laminates are less often used than cross-ply laminates, we have demonstrated in [15] that the sensitivity of this type of sensor is already indicative for that inside a cross-ply laminate. Our simulations were performed using the commercially available software Comsol Multiphysics. The model geometry is shown in Fig. 4 . The optical fiber is embedded in the middle of a 1.54 mm thick carbon-epoxy laminate and is oriented parallel with the reinforcement fibers. The considered elastic material properties of carbon fiber reinforced epoxy are listed in Table I [18] . [18] . For the first generation MOF we obtained a transverse strain sensitivity of -0.17 pm/με. This value is comparable with the experimental results when the MOF is embedded in a crossply laminate. The same simulation approach for the second generation MOF led to an unprecedented transverse strain sensitivity of 0.29 pm/με. Although the geometric differences in both MOF versions might seem small at first sight, they do initiate a sensitivity improvement of almost 100%. In a next step we additionally investigated the influence of the orientation of the embedded fiber on the sensitivity level. It is challenging to maintain the desired orientation of a fiber during fabrication of a composite laminate. This particular MOF design however allows for rotation tolerance since a high transverse strain sensitivity is obtained for a range of fiber orientations. In Fig. 5 we show the orientation tolerance for both MOF versions. The maximum sensitivity is obtained when the sensors are embedded under 0
• . However, during embedding of an optical fiber using a manual layup of prepeg layers, a deviation of maximum ±10
• on the fiber orientation can be expected. A deviation of 10
• from the optimal orientation corresponds to a decrease in sensitivity of 10% for both MOF versions. If a second generation MOF would be embedded under an orientation of 10
• , its sensitivity would still be 0.27 pm/με. The combination of a transverse strain sensor with such a high sensitivity and a large orientation tolerance has never been demonstrated before.
V. CONCLUSION
We have presented a highly birefringent micro-structured optical fiber that, in combination with a fiber Bragg grating sensor, allows measuring transverse strains in reinforced composites. Temperature, axial strain and hydrostatic pressure tests on the first generation of this dedicated fiber sensor have shown that it is insensitive to temperature and axial strain, while it features a pressure sensitivity of -15 pm/MPa. When embedded in a carbon fiber reinforced polymer, this sensor has a transverse strain sensitivity of -0.16 pm/με. The second generation of this sensor has now been fabricated and geometric differences in the central region of the fiber resulted in a doubling of the hydrostatic pressure sensitivity to an unprecedented sensitivity of 33 pm/MPa. FEM simulations of this sensor embedded in a reinforced composite return a record transverse strain sensitivity of 0.29 pm/με. Moreover, we demonstrate that this type of MOF is tolerant to angular misalignement, with a deviation of 10
• leading to a sensitivity decrease of only 10%. Owing to their improved transverse strain sensitivity and to the better orientation tolerance we believe that our sensors are candidates of choice for multi-axial strain mapping applications inside carbon fiber reinforced polymers.
